Abstract: The differences in osmotic stress tolerance and morphological characteristics of the root system of stress-tolerant and stress-sensitive rice cultivars were clarified by examining genetic variation. Fifty-four Rice Diversity Research Set cultivars, and Azucena, IRAT109, Dular (droughttolerant), IR64 (drought-sensitive), and IR28 (salt-sensitive) were used. Rice seedlings were cultivated for 14 days by water culture (control). Polyethylene glycol 6000 was dissolved in the culture medium as osmotic stress treatment on day 7 to adjust the water potential to -0.42 MPa (stress treatment). The stress treatment to control ratio (S/C ratio) was calculated to evaluate the degree of stress tolerance. The dry-weight S /C ratio in the shoot showed a significant varietal difference from 0.874 to 0.376 and that in the root from 0.931 to 0.342, and root, respectively, and these values were significantly correlated. Five osmotic stress-tolerant and 5 stress-sensitive cultivars were selected, and their root-system morphology was investigated in detail. The number of the L-type lateral roots, which were longer and thicker, increased 1.5 -3.6 times that of the control with osmotic stress treatment in the tolerant cultivar group. It slightly decreased 0.8 -0.9 times that of the control with osmotic stress in the sensitive cultivar group. The number of crown roots and S-type lateral roots, which were finer and shorter, decreased with stress in both cultivar groups; however, this decrease was significantly lower in the tolerant cultivar group. Thus it is suggested that the maintenance of root-system development, especially L-type lateral roots under osmotic stress, involves genetic variation in the genes responsible for the dry matter production.
The green revolution, which began in the last century, achieved a breakthrough in productivity by improving shoot traits and promoting high input of fertilizer and irrigation. However, the present rice production, after more than half a century from the green revolution, is still threatened by environmental stresses such as drought, salinity, low fertility of soil, and high and /or low temperature. Among these stresses, water deficit commonly occurs in rain-fed rice production areas; which occupy about half of the total rice production area in the world (Maclean et al., 2002) . Rice productivity under a rain-fed ecosystem is lower than that under irrigated cultivation because of the high sensitivity of rice to water shortage (Bouman et al., 2007) . Therefore, further genetic improvement, in addition to novel production technologies, is highly required for sustainable rice production.
Recently, many scientists have started to evaluate root function to seek novel strategies for genetic improvement of rice productivity, believing that "roots are the key to a second green revolution" (Gewin, 2010) . Obviously, roots play an important role in growth and grain production throughout rice growing stages; however, little attention has been paid to root traits in rice breeding because of the time-and labor-consuming sample collection and /or huge effort required to analyze the data. Previous studies on rice drought tolerance found some root traits that were responsible for superior drought resistance and /or resilience. For example, deep rooting and root thickness are important morphological traits that allow plants to take up water from a deeper soil layer (Araki and Iijima, 1998; Kato et al., 2007) .
The plasticity of root development has been emphasized as an important trait for adaptation to soil moisture changes (Yamauchi et al., 1996; Suralta et al., 2008; Kano et al., 2011) . The lateral root constitutes approximately 90% of the total length in a plant root system (Yamauchi et al., 1987a (Yamauchi et al., , 1987b . Therefore, the lateral root is considered to play a major role in nutrition and water absorption. It is important to extend lateral roots under a drought stress condition effectively in the soil to obtain the limited soil resources. There are two types of lateral roots in rice: thick and long lateral roots with higher order branching and thin and short lateral roots without higher order branching (Kawata and Shibayama, 1965; Kono et al., 1972) .These two types of lateral roots are also found in other cereals. Anatomical studies revealed that thick and long lateral roots (L-type) have an inner structure similar to that of seminal roots and nodal roots. whereas short lateral roots (S-type) have a simpler vascular bundle (Yamauchi et al., 1987b) . The different types of lateral roots vary in anatomy, developmental characteristics, carbon and nitrogen dynamics, developmental responses to various soil environments (Yamauchi et al., 1996) , and genetic regulation of their development (Wang et al., 2006) . L-type lateral roots tend to show sharper developmental responses to various soil moisture conditions (Bañoc et al., 2000a; Suralta et al., 2010) .
Root distribution has also been quantitatively characterized by using several morphological traits, and wide genotypic differences have been detected (Nemoto et al., 1998; Kato et al., 2007; Uga et al., 2009) . Although previous studies revealed genotypic differences in root development, information about the genotypic diversity of root traits and their response to osmotic stresses is limited because the employed cultivars do not fully cover a wide range of genetically diverse cultivars. The Rice Diversity Research Set of germplasm (RDRS), which was developed by the National Institute of Agrobiological Science (NIAS), has made possible a wide and comprehensive evaluation of genotypic diversity of rice (Kojima et al., 2005) . Many studies have been conducted on the genetic variation in the shoot using RDRS Matsunami et al., 2012; Iseki et al., 2013; Matsunami et al., 2013 ) . Alternatively, the studies on genetic variations with the root system using RDRS are limited. Uga et al. (2009) analyzed anatomical and morphological traits under rainfed upland conditions using RDRS, and found differences in root characteristics between japonica and indica accessions. Determining the responsible traits by using material with a wide genetic background may give essential information for further breeding strategies or genetic analysis. Matsunami et al. (2012) reported the genotypic variation in biomass production in shoot and root under soil moisture deficit by using the RDRS.
In this study, therefore, we aimed to evaluate the genotypic variation in the biomass production and root morphological development in response to osmotic stress to identify key root traits that contribute to osmotic stress tolerance by using the RDRS which has a wide range of genetically diverse cultivars.
Materials and Methods

Plant culture
We used the global rice core collection RDRS, developed by NIAS. This collection was developed based on a genome-wide restriction fragment length polymorphism survey of 332 accessions, which were selected on the basis of the passport data of all collections stored at the NIAS Genebank and holds 91% of the alleles identified in these accessions (Kojima et al. 2005) . In this study, 54 cultivars of the RDRS were used. Additionally, IR28, Azucena, IR64, IRAT109, and Dular were added. IRAT109 (Bañoc et al., 2000b; Luo, 2010; Nemoto et al., 1998) , Azucena (Dwivedi et al., 2010) , and Dular (De Datta et al., 1975; Kobata et al., 1996; Bañoc et al., 2000a) are drought-resistant cultivars and IR64 is highly sensitive to drought stress (Lafitte et al., 2007) . IR28 is a salt-sensitive cultivar (Igarashi et al., 1997; Dionisio-Sese and Tobita, 1998) (Table 1) .
Seeds were germinated in the dark at 28ºC in petri dishes for 3 days. During this period, the seminal roots of the germinating seedlings elongated approximately 1 cm. There was no varietal variation in the degree of elongation and germination of the seminal root. These seedlings were transplanted onto plastic nets (2.5 × 2.5 mm mesh) that floated on a solution of nutrients. . Sixteen seedlings were placed on each net and cultivated in a beaker that contained 1,000 mL of this solution. Twenty plants per beaker were cultivated. Ten plants were used for the measurement of shoot and root dry weights and 10 plants were used for the measurement of root traits. Distilled water was added every day, and the water level was maintained after transplanting, constantly. The solution was aerated by continuous bubbling with air (1,000 mL air /min) provided by an aerator (HPα 10000; NISSO, Japan). The bubbles did not travel as far as the root axis, and the growth of root systems was not inhibited by this procedure (Ogawa et al., 2009) . The walls of the beakers were covered with heavy paper to exclude light and stimulate the growth of root systems. The plants were illuminated with white light with a 12-h photoperiod in a growth chamber that was maintained at 28 ± 0.2ºC with a relative humidity of approximately 70% (MLR-350H; SANYO, Japan). The photon flux density of photosynthetically active radiation (PAR; 400 -700 nm) at the top of each plant was 320 μmol・m
Stress treatment
Seven days after transplanting, 200 g polyethylene glycol (PEG) 6000 per liter of nutrient solution was dissolved to induce osmotic stress. The water potential of the nutrient solutions was determined using a vapor pressure osmometer (model 5520, Wescor). The resulting water potential values were -0.42 MPa (stress treatment) and -0.08 MPa (control). High-molecular weight PEG was used as an osmoticum because it is virtually excluded from entering the root apoplast (Carpita et al., 1979) and thus removes water from the cell and cell wall space. PEG has no apparent toxic effects under well-aerated conditions (Verslues et al., 1998; Raymond and Smirnoff, 2002; Ober and Sharp, 2003) .
Measurement of growth
After 7 days of stress treatment (14 days after transplanting), plants were sampled, and shoots and roots were desiccated at 80ºC for more than 3 days. The dry weight of these samples was measured.
Sampled roots were immediately fixed and stained in 0.1% (w /v) Coomassie Brilliant Blue G250 in FAA (5% formaldehyde, 50% ethanol, 5% acetic acid [v /v] ), and kept for more than 3 days. Images of the root systems were captured by an image scanner (Epson Perfection V700 Photo scanner, EPSON, USA) at 1200 dpi, and the total length, the total number of root tips, and average root diameter were measured by WinRHIZO (Regent Instruments Inc. Quebec, Canada). The number of L-type lateral roots and crown roots were counted by visual observation. The number of S-type lateral roots was calculated by subtracting the number of crown roots and L-type lateral roots from the total number of root tips.
Data analysis
One cultivation examination was performed for each cultivar and each treatment. The data in each control and stress treatment are the averages of 10 replications (10 seedlings). Analysis of variance and principal component analysis (PCA) were performed using the statistical software Ekuseru-Toukei 2010 (Social Survey Research Information, Japan). Seven data sets (the root dry weight, the total root length, the root surface area, the average root diameter, the number of crown roots, the number of S-type lateral roots, and the number of L-type lateral roots), each including 5 stress-tolerant cultivars and 5 stress-sensitive cultivars, were used for the PCA.
Results and Discussion
Osmotic stress treatment inhibited the shoot and root growth in all cultivars, and there were genetic variations in plant growth under osmotic stress conditions. The value of the stress to control ratio (S /C ratio) was defined as the index of the osmotic stress tolerance. The shoot dry weight had a maximum S /C ratio of 0.874 in IR58, and the minimum value was 0.376 in Basilanon (Table 1 ). The root dry weight had a maximum S /C ratio of 0.931 in IR58, and the minimum value was 0.342 in Basilanon. The total root number had a maximum S/C ratio of 0.908 in Milyang 23, and the minimum value was 0.231 in Basilanon (Fig.  1-A) . The total root length had a maximum S/C ratio of 0.744 in Jarjan, and the minimum value was 0.230 in Basilanon (Fig. 1-B) . The average root diameter increased after the stress treatment in all but 3 cultivars: Jarjan, Nepal was inhibited. IR28 and IR58 show osmotic stress tolerance but are sensitive to sodium stress, suggesting that different resistance mechanisms are involved in osmotic stress and salt stress. IRAT109 (Nemoto et al., 1998; Bañoc et al., 2000a; Luo, 2010) , Azucena (Dwivedi et al., 2010) , and Dular (De Datta et al., 1975; Kobata et al., 1996; Bañoc et al., 2000a) were reported to be drought-resistant cultivars in previous studies. Among the 59 cultivars used in this study, the S/C ratio of the dry weight of shoots and roots were ranked 35th and 19th in IRAT109, 24th and 33rd in Azucena, and 42nd and 33rd in Dular, respectively. Some cultivars demonstrated osmotic stress tolerance more than drought tolerance, although this is an early result of this study. RDRS is a group of cultivars that cover the genetic diversity of rice around the world (Kojima et al., 2005) . These results suggest the presence of cultivars among the global rice resources that are tolerant to osmotic stress.
The differences in the morphological characteristics between cultivars that are tolerant and those sensitive to osmotic stress are shown in Table 2 . In tolerant cultivars, osmotic stress treatment increased the number of L-type lateral roots 1.5 to 3.6 times that of the control. On the other hand, in sensitive cultivars, the number of L-type lateral roots was 0.8 to 0.9 times that of the control. The numbers of crown roots and S-type lateral roots decreased with the osmotic stress treatment. The degree of the decrease in the tolerant cultivars was smaller than that in the sensitive cultivars. Additionally, to elucidate the factor 555, and Rexmont ( Fig. 1-C) . The maximum value of the S/C ratio of average diameter was 1.288 in Vary Futsi, and the minimum value was 0.884 in Jarjan. The surface area of root had a maximum S /C ratio of 0.712 in IR58, and the minimum value was 0.230 in Basilanon (Fig. 1-D) . Kato et al. (2006) reported that specific root length of deep roots decreases and a root is enlarged under a drought stress condition in several rice cultivars. Water deficiency, often coinciding with nutrient deficiency, can result in increased root tissue density in some species (Trubat et al., 2006) . Mechanical impedance on soils increases with drying, and in some species, root diameter may increase (Manes et al., 2006) , stay constant or decrease (Bartsch, 1987) . Stimulated ethylene production may play a key role in mediating an increased root diameter under mechanical stress (Clark et al., 2003) . On the other hand, root diameter has been reported to decrease by drought stress (Uga et al., 2008; Henry et al., 2012) .
There was a significant correlation between the S /C ratio of the shoot dry weight and the S/C ratio of the root dry weight (Fig. 2) . From these results, we selected 5 cultivars as osmotic stress-tolerant cultivars (IR58, Calotoc, IR28, Deejiaohualuo, and Jinguoyin), and we also selected 5 cultivars as the osmotic stress-sensitive cultivars (Basilanon, Tupa729, Deng Pao Zhai, Khau Tan Chiem, and Nepal 555). In comparison with the results of the study by Matsunami et al. (2012) , which determined the genotypic difference in biomass production under soil moisture deficit among the RDRS, some stress-tolerant cultivars in this study also exhibited superior growth under soil moisture deficit; ex. Calotoc was ranked 14th under -0.10 MPa soil water potential (SWP) regime, and 16th under -0.52 MPa SWP regime. Deejiaohualuo was ranked 8th under -0.10 MPa SWP regime, which were identified as stress-tolerant cultivars in this study. In contrast, Deng Pao Zhai and Nepal 555, which were identified as stresssensitive cultivars in this study, exhibited greater growth under -0.52 MPa SWP regime among the RDRS. There was a discrepancy concerning the tolerant and sensitive cultivars between the two experiments. This inconsistency may be caused by the difference in the strength, duration and kind of stresses and plant growth stage. Kano et al. (2011) also reported that a result obtained on drought stress using the soil does not agree with the result obtained on osmotic stress using the PEG treatment.
Salt stress is a combined stress comprising osmotic stress and sodium stress (Munns, 2002; Chaves et al., 2009) . In previous studies, IR28 and IR58, which were selected as cultivars that were tolerant to the osmotic stress in this study, were reported as being sensitive to salt stress (Igarashi et al., 1997; Dionisio-Sese and Tobita, 1998; Lee et al., 2003; Hossain et al., 2011) . Under salt stress conditions, IR58 (Lee et al., 2003) and IR28 (Dionisio-Sese and Tobita, 1998) accumulated sodium ions, and growth 0.5 1 S/C ratio in root dry weight S/C ratio in root dry weight S/C ratio in root dry weight y g responsible for the osmotic stress tolerance in roots, 7 root traits in the 5 stress-tolerant cultivars and the 5 stresssensitive cultivars were evaluated by PCA under stress and control conditions. The first and second principal components (PC1 and PC2) accounted for 68.5% and 19.3% of the total variance, respectively. A scatter plot of all the accessions based on PC1 and PC2 scores of cultivars and treatments was constructed (Fig. 3) . PC1 scores were higher in the control conditions than in stress treatment in all cultivars. PC2 scores in tolerant cultivars were higher than those in sensitive cultivars under stress treatment. The absolute value of the factor loading of the number of L-type lateral roots in PC2 was the highest of the 7 root traits (Table 3) . Because L-type lateral roots are long and have higher-order branches, these roots account for an important portion of total root length and surface area (Yamauchi et al., 1987b) . Previous studies showed that the development of the L-type lateral root is an important root trait for drought tolerance. Bañoc et al. (2000a) reported that changes in the soil water content affected the root morphology and that the growth of L-type lateral roots was stimulated under water deficit. The emergence and elongation of L-type lateral roots contributed to the extension of the root zone and the maintenance of water and nutrient absorption under conditions of water deficit (Suralta et al., 2010) . In this study, the importance of the ** * *** ns 1) ***, **, ***, and n.s. indicate significant diffserences in S / C ratio between stress-tolerant and stress-sensitive cultivars at p < 0.05, p < 0.01, p < 0.001, and not significant by the Student's t -test, respectively. Table 3 . Factor loadings for the principal components obtained from the 7 root traits observed in the 5 stress-tolerant cultivars and the 5 stress-sensitive cultivars under stress and control treatments. L-type lateral root was demonstrated under osmotic stress conditions using rice cultivar groups with genetic variations. In this study, genotypic variations were shown to affect the osmotic stress tolerance among 59 cultivars of rice seedlings. From this result, cultivars that were tolerant and sensitive to osmotic stress were selected, and their root morphology was examined. The number of L-type lateral roots increased especially in the tolerant cultivars under osmotic stress. Further studies will be required to obtain more information to determine the mechanisms of osmotic stress tolerance from the aspect of plant physiology and molecular biology by comparing the stresstolerant and stress-sensitive cultivars selected in this study.
